The objective of this study was to investigate the differences in the muscle proteome of grassfed and grain-fed cattle. Eight Japanese Black Cattle 10 mo of age were separated randomly into 2 groups: 1) grazing (grass-fed) and 2) concentrate (grain-fed) groups. All cattle were first housed individually in a stall barn and fed a combination of concentrate ad libitum and Italian ryegrass hay until 21 mo of age. After this control period, the 4 grass-fed cattle were placed on outdoor pasture, whereas the other 4 grain-fed cattle continued on the concentrate diet. The cattle were slaughtered at 27 mo of age, and tissues from the semitendinosus muscle were obtained for use in proteome analysis. Differential expression of muscle proteins in the 2 groups was carried out using 2-dimensional gel electrophoresis (2DE) and Western blot analyses, with subsequent mass spectrometry. Approximately 200 individual protein spots were detected and compared in each group using 2DE, of which 20 and 9 spots, respectively, showed differences in the spot intensity for the sarcoplasmic fraction and myofibrillar fraction. In the grazing group, the relative intensity of spots was significantly greater for adenylate kinase 1 and myoglobin in the sarcoplasmic fraction, and for slow-twitch myosin light chain 2 in the myofibrillar fraction (P < 0.05), than the concentrate group. The relative spot intensity of several glycolytic enzymes was significantly greater in the grazing group, such as β-enolase 3, fructose-1,6-bisphosphate aldolase A, triosephosphate isomerase, and heat shock 27 kDa protein (P < 0.05). Moreover, significantly greater slow twitch of troponin T, troponin I, and myosin heavy chain of semitendinosus muscle was detected in the grazing group than in the concentrate group using Western blot analysis (P < 0.05). Several previous reports have described that the slow-twitch muscle contents affect elements of nutrition, flavor, and food texture of meat. This study revealed muscle fiber type conversion to slow-twitch tissues from fast-twitch tissues occurring with change in the energy metabolic enzyme when cattle were grazed in the latter fattening period. Although analyses of the influence on elements of nutrition, flavor, and food texture were not done for this study, these results show that slow-twitch converted muscle resulting from the grazing of cattle might modify several meat characteristics.
INTRODUCTION
Most beef producers in Japan house cattle individually in free stanchion barns and allow free access to concentrate and hay. Recently, beef cattle are also grazed on pastures, effectively utilizing the roughage in the field. The beef marbling standard number is less in grazed Japanese Black cattle than in cattle fattened in free stanchion barns. Moreover, the meat values of L* (muscle lightness), a* (muscle redness), and b* (muscle yellowness), and drip loss of grazed cattle are greater than those of fattened cattle (Tanimoto et al., 2004) . The totals of CLA isomers in skeletal muscle and subcutaneous fat, heart, and liver are greater in pasture-fed bulls than in concentrate-fed animals (Dannenberger et al., 2005) . Although meat quality, as assessed by beef marbling standard, meat color, and fatty acid components, has been reported for grazed cattle, exhaustive analyses of protein expression have not been performed yet. Recently, 2-dimensional gel electrophoresis (2DE) has been applied to analyze expression of several hundreds of proteins simultaneously. Proteomics has enabled description of postmortem modifications of pig muscle protein (Lametsch et al., 2003) and has enabled investigation of the correlation between sarcoplasmic protein and meat color variation (Sayd et al., 2006) . Furthermore, through proteome analysis of muscle after compensatory growth by restricted feeding in pigs, Lametsch et al. (2006) demonstrated that the meat tenderness attributable to compensatory growth might be related to protein turnover. Proteome analysis is also effective for elucidation of characteristics of meat produced using different rearing systems.
The objective of this study was to investigate differences in muscle proteins with the use of a proteomics approach in indoor concentrate-fed and outdoor grazed cattle. Our hypothesis for this study was that elements of meat quality, such as the myofibrillar and the sarcoplasmic proteins, are changed by the influence of different rearing systems.
MATERIALS AND METHODS
The management of cattle and all procedures in this study were performed according to the Animal Experimental Guidelines of the National Agricultural Research Center for Western Region (WeNARC), Japan.
Animals and Tissues
Eight Japanese Black Cattle 10 mo of age, which had been bred in the WeNARC, were selected randomly and divided into 2 groups: grazing (grass-fed) and concentrate (grain-fed) groups. All cattle were first housed individually in a stall barn and fed a combination of concentrate ad libitum and Italian ryegrass hay at 1.5 kg/d until 21 mo of age. After this control period, the 4 grass-fed cattle were placed on outdoor pasture, whereas the other 4 grain-fed cattle continued on the concentrate diet in the stall barn. The cattle were slaughtered at 27 mo of age at the WeNARC abattoir, and skeletal muscle tissues from the semitendinosus muscle were obtained for use in proteome analysis. All samples were collected within 30 min postmortem. They were then frozen rapidly in liquid nitrogen and stored at −80°C until protein extraction.
Preparation of Muscle Protein and 2DE
Muscle tissues were pulverized in liquid nitrogen, and then homogenized in extraction buffer containing 40 mM Tris. Homogenized muscles were separated into sarcoplasmic protein and myofibrillar protein fractions by centrifuging at 15,000 × g for 10 min at 20°C. The supernatant was recovered as a sarcoplasmic protein fraction. After this, the myofibrillar protein fraction was solubilized in lysis buffer containing 8 M urea, 4% 3-[(3-cholamidopropyl) dimethylammonio]propanesulfonic acid, 40 mM Tris, 50 mM dithiothreitol (DTT), and 0.2% (vol/vol) Bio-Lyte 3/10 ampholytes (Bio-Rad Laboratories Inc., Hercules, CA). The protein concentration of each sample was determined using a protein assay kit (RC-DC, Bio-Rad Laboratories Inc.).
Protein was loaded onto 11-cm-long immobilized pH gradient (IPG) strips (pH 3 to 10, 4 to 7, and 6 to 11; Bio-Rad Laboratories Inc.) at 50 μg for 2DE analyses and 100 μg for matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF) mass spectrometry (MS). Isoelectric focusing was carried out in a Protean isoelectric focusing cell (Bio-Rad Laboratories Inc.). The strips were rehydrated overnight, and then low voltage, 250 V, was applied in the initial step, followed by a stepwise increase to 8,000 V, reaching 36,000 Vh. Immediately before 2-dimensional SDS-PAGE, the focused strips were equilibrated for 10 min in a solution of 6 M urea, 20% (vol/vol) glycerol, 2% SDS, 50 mM Tris, pH 8.8, and 1% DTT. Then SDS-PAGE was performed on 13.5% polyacrylamide gel at 35 mA for 2 h. Overall proteins in a preparative gel for the MAL-DI-TOF MS and the proteins expression analysis were stained in Coomassie brilliant blue (CBB; Bio-Safe CBB G-250; Bio-Rad Laboratories Inc.). The signal intensity of spots in each gel was analyzed using software (Image Master 2D platinum Ver. 6.0, GE Healthcare, Fairfield, CT). Two-dimensional image analyses were carried out at least in duplicate for each animal. Figure 1 shows a schematic diagram of the materials and methods. Twenty micrograms of the 4 muscle samples of the same fraction of each experimental condition was pooled to produce a total of 80 μg. Then 25 μg of this pooled protein was labeled with CyDye differential gel electrophoresis (DIGE) Fluor Cy3 or Cy5 minimal dyes (GE Healthcare) for concentrate group or grazing group of 2 fractions, respectively, according to the manufacturer's protocol. The concentrate and grazing samples (25 μg each) of the same fraction were mixed together and applied to 2DE, as described above. After 2DE, the fluorescence of labeled proteins on the gel was scanned at Cy3 and Cy5 detection modes (Ettan DIGE Primo System, GE Healthcare). The overall spot intensity was quantified using software (Image Master 2D Platinum, GE Healthcare).
Fluorescent 2DE

MALDI-TOF MS
Protein spots of interest were excised manually from the stained gel (Bio-Safe CBB G-250, Bio-Rad Laboratories Inc.) in a clean air cabinet. Proteins in gel pieces were subjected to reductive alkylation by iodoacetamide and digested with trypsin. Peptides were desalted using pipette tips (ZipTip C18; Millipore Corp., Billerica, MA) and eluted with a matrix solution (α-cyano-4-hydroxycinnamic acid) onto the MALDI target. Mass spectra were recorded in reflectron mode of a MALDI-TOF mass spectrometer (REFLEX II, Bruker Daltonics Inc., Bremen, Germany) equipped with delayed extraction by summing 200 laser shots of a 337 nm nitrogen laser with 20 kV acceleration voltage. The mass spectrometer was calibrated externally once every 8 samples using a commercial available peptide mixture (Bruker Daltonics Inc.) covering the 700 to 3,200 m/z range. The obtained mass spectra were analyzed using software (XMASS 5.0 
Proteins Identification
Protein spots of 2DE were analyzed for protein identification by MALDI-TOF MS or using bovine muscle 2D-PAGE database published on the Web (http:// nilgs.naro.affrc.go.jp/meat/pub/). In addition, proteins identified using the database were referred from previous reports Oe et al., 2007) .
Western Blotting
Pulverized muscle tissues were homogenized in SDS-PAGE buffer containing 50 mM Tris-HCl, pH 6.8, 5% SDS, 10% (vol/vol) glycerol, and 5% (vol/ vol) β-mercaptoethanol; then they were centrifuged at 15,000 × g for 10 min at 4°C. The supernatant fraction of each sample was taken, and the protein concentration was determined as described above. Total protein Figure 1 . Experimental design of differential expression of the skeletal muscle proteome in grazed cattle. A. Sample preparation. All muscle samples were separated into a sarcoplasmic protein fraction (sarcoplasmic F.) and a myofibrillar protein fraction (myofibrillar F.). All samples were mixed equally in each fraction as an internal standard in this study. Equal amounts of 4 muscle samples of the same fraction of each experimental condition were pooled to analyze 2-dimensional gel electrophoresis (2DE)-differential gel electrophoresis (DIGE). B. Sample analysis. Coomassie brilliant blue (CBB)-stained 2DE for image analysis was carried out for each animal and normalized with an internal standard in this study. Pooled samples for 2DE-DIGE analyses were labeled respectively with Cy3 and Cy5 for the concentrate group and grazing group. These 2 differently labeled samples were mixed and then subjected to 2DE-DIGE analysis. Western blot was carried out for each animal of myofibrillar fraction and normalized with an internal standard in this study. Image analyses and matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF) mass spectrometry (MS) analysis were processed as described in Materials and Methods.
was separated by SDS-PAGE and transferred onto poly vinylidene difluoride membranes (GE Healthcare) by electroblotting. After blotting, the membranes were stained (Ponceau S, Sigma, St. Louis, MO) to verify equal loadings. The blotting membranes were blocked in Tris-buffered saline-Tween-20 (TBS-T), consisting of 20 mM Tris-HCl, pH 7.6, 137 mM NaCl, and 0.1% (vol/vol) Tween-20 (Sigma), with 5% skimmed milk (Becton Dickinson and Co., Sparks, MD) for 1 h, then incubated with a primary antibody specific for target protein for 1 h at room temperature. The following primary antibodies were used for immunoblotting: Myosin heavy chain (MHC) slow type (sMHC), 1:100,000 dilution of mouse monoclonal antibody (M8421, Sigma); fast type (fMHC), 1:10,000 dilution of mouse monoclonal antibody (M4276, Sigma); troponin I (TnI) slow type (sTnI), 1:500 dilution of goat polyclonal antibody (sc8199, Santa Cruz Biotechnology Inc., Santa Cruz, CA); fast type (fTnI), 1:500 dilution of goat polyclonal antibody (sc8120, Santa Cruz Biotechnology Inc.); troponin T (TnT) slow type (sTnT), 1:200 dilution of goat polyclonal antibody (sc8122, Santa Cruz Biotechnology Inc.); fast type (fTnT), 1:200 dilution of goat polyclonal antibody (sc8123, Santa Cruz Biotechnology Inc.). The membrane was washed with TBS-T and further incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG, 1:5,000 dilution (GE Healthcare), or HRP-conjugated anti-goat IgG, 1:1,000 dilution (AP106P, Chemicon International Inc., Billerica, MA) secondary antibodies for 1 h at room temperature. The HRP activity was detected using an enhanced chemiluminescence plus detection kit (GE Healthcare), and then films were scanned. The optical densities of proteins were analyzed using software (Diversity Database Ver. 1.1, PDI, Huntington Station, NY). Western blot analyses were carried out at least in duplicate for each animal.
Statistical Analyses
Optical densities of proteins were represented as means ± SEM. The relations between particular protein expression and the concentrate group or grazing group were analyzed using 1-way ANOVA and a posthoc Dunnett test. Results for which P < 0.05 were inferred as statistically significant.
RESULTS
Exhaustive Analysis of Protein Expression by 2DE
In a first approach, we attempted to get an overview of proteins expression in semitendinosus muscle of the concentrate and grazing groups. For this purpose, fluorescent 2DE-DIGE was carried out to compare the muscles at each group. The results show that the sarcoplasmic and the myofibrillar protein fractions changed, respectively, in the characteristic spots of the alkaline and acid regions (Figures 2A and 2B) . To examine detailed protein expression of the concentrate and grazing groups, we performed 2DE with sarcoplasmic and myofibrillar proteins using a pH of 6 to 11 and a 4 to 7 IPG strip, respectively; then those gels were stained with CBB. Subsequently, 2DE analyses were carried out for all cattle of each group. We prepared an internal standard of each fraction mixed in equal amounts of each muscle sample to produce a reference gel for each fraction (Figure 1) . The reference gels are presented in Figure 3A and 3B. All gels were matched and analyzed using software (ImageMaster 2D platinum, GE Healthcare) to detect the protein spots. Detected and matched spots were normalized by expressing the relative quantity of each spot as the ratio of individual spot intensity on the reference gel.
Approximately 200 individual protein spots were detected and compared in each gel for sarcoplasmic and myofibrillar proteins. There were 20 spots in the sarcoplasmic fraction and 9 spots in the myofibrillar fraction that showed differing intensity for concentrate and grazing groups.
The proteins identified in the sarcoplasmic protein fraction are listed in Table 1 . The relative intensity of spots in the sarcoplasmic fraction indicated that the grazing group had significantly greater levels of adenylate kinase 1 (AK1) and myoglobin than the concentrate group. In contrast, β-enolase 3, fructose-1,6-phophate aldolase A, hypothetical protein LOC513212, heat shock 27 kDa protein 1 (HSP27), and triosephosphate isomerase were significantly less in the grazing group. In addition, spots 154, 197, and 269 were significantly more numerous in the concentrate group. Table 2 shows the proteins identified in the myofibrillar protein fraction. Significantly more slow-twitch Comparison of 2-dimensional electrophoretic patterns of the concentration-fed and grazed cattle using a pH 3 to 10 immobilized pH gradient strip. These gel images are derived from the sarcoplasmic protein fraction (top) and myofibrillar protein fraction (bottom) in semitendinosus muscle. The concentrate and grazing samples were labeled, respectively, with Cy3 (green) and Cy5 (red), and were analyzed using fluorescent differential gel electrophoresis. Overlapped spots of both samples are yellow. The red spots in the white ellipse (top) were identified with an aconitase protein by checking it with the bovine muscle 2-dimensional gel electrophoresis-PAGE database published on a Web site (http://nilgs.naro.affrc.go.jp/meat/pub/).
Figure 3.
Coomassie brilliant blue (CBB)-stained 2-dimensional gel electrophoresis (2DE) reference gels of bovine semitendinosus muscle. In all, 50 μg of protein, the internal standard of each fraction, was loaded. Then 2DE was performed for sarcoplasmic protein fraction (top) and myofibrillar protein fraction (bottom) using pH ranges of 6 to 11 and 4 to 7, respectively, in isoelectric focusing and SDS-PAGE in the second dimension. myosin light chain 2 (MLC2, spots 2343 and 2346) were observed in the grazing group. Tropomyosin 3 was also greater (1.96-fold), and there was a similar, but not statistically significant, tendency for greater slowtwitch MLC2 in the grazing group.
Semiquantitative Analysis of Protein Expression by Western Blotting
In a second approach, to elucidate the change in the expression of the isoform of myofibrillar protein in semitendinosus muscle using 2DE analyses, we carried out semiquantitative analyses by Western blot using MHC, TnI, and TnT antibodies of slow and fast type isoforms.
The approximate molecular weights of sMHC and fMHC were detected at 230 and 250 kDa, respectively. The sMHC level was significantly greater in the grazing group than in the concentrate group (P < 0.05), although the fMHC level was significantly less in the grazing group than in the concentrate group (P < 0.05; Figure 4A and 4B). The approximate molecular weights of sTnT and fTnT were detected at 34 and 35 kDa, respectively. The expression of sTnT at the grazing group was significantly greater than that of the concentrate group (P < 0.05), although the expression of fTnT showed an opposite response to that of sTnT (P < 0.05; Figure 5A and 5B). The approximate molecular weights of sTnI and fTnI were detected at 24 and 22 kDa, respectively. The sTnI expression was significantly greater in the grazing group than in the concentrate group (P < 0.05; Figure 6A ). No statistically significant difference in the expression of fTnI, however, was found between the concentrate and grazing groups ( Figure 6B ).
DISCUSSION
Results of this study using 2DE and Western blot analysis showed that differential expressions of muscle proteins occurred during the fattening period in concentrate-fed and grazed cattle. Muscle proteins were separated into sarcoplasmic fractions and myofibrillar fractions. They were then analyzed. Differential expressions of the proteins were shown in respective groups. A conversion of the muscle fiber type was recognized in the grazed cattle group. Changes in metabolic enzymes were also detected.
Analysis of Myofibrillar Protein
Several spots were observed by 2DE analysis where the molecular weight was slightly different from around pI 4.8 in each group. These spots were identified as 2 isoforms of MLC2 by MS analysis where the highmolecular 2343 and 2346 spots were slow-twitch fiber and the low-molecular 2375 and 2377 spots were fasttwitch fiber. Significantly more slow-twitch fibers of MLC2 were found in the grazing group than in the concentrate group, in which semitendinosus muscle usually has much fast-twitch. However, no other spot was found above or below the MLC1 spot by 2DE, demonstrating that no change existed in the MLC1 isoform. Furthermore, regarding the characteristic spot pattern of MLC2, although the molecular weights of isoforms were equal, 2 spots for which pI were slightly different were found on the acidic region. Muroya et al. (2007) reported that spot position shifted toward the acidic region with slight change of pI when cattle MLC2 protein underwent modification by phosphorylation from 2DE analysis. The spot patterns of slow-twitch 2343 and 2346 spots, and fast-twitch 2375 and 2377 spots, Table 2 . Differentially expressed myofibrillar proteins in bovine semitendinosus muscles identified using matrixassisted laser desorption/ionization-time of flight mass spectrometry of MLC2 observed in the current study are consistent with those described in their report. These spots were inferred to have undergone modification by phosphorylation in this study. Furthermore, tropomyosin (TPM) in cattle skeletal muscle the 3 isoforms, TPM1, TPM2, and TPM, were reportedly separated from the difference in the muscle fiber types using 2DE analysis . The expression pattern of TPM in this study corresponded with their report. The expression of TPM3, slow-twitch fibers, showed the same tendency as the slow-twitch of MLC2 in the grazing group.
To identify the conversion of muscle fiber types in semitendinosus muscle, we performed Western blot analyses using the antibody of each slow-twitch and fast-twitch for TnT, TnI, and MHC. The significant increase in slow twitch of TnT, TnI, and MHC detected in the grazing group resembled the results obtained through 2DE analysis; fast twitch of TnT and MHC was less in the grazing group. Although the fast-twitch fiber is normally more abundant in the semitendinosus muscle, these results suggest that the frequency of slowtwitch fibers was increased as a result of conversion of muscle fiber type that occurred in the semitendinosus muscle of the grazed cattle.
Analysis of Sarcoplasmic Protein
Regarding the sarcoplasmic fraction, the semitendinosus muscle derived from the concentrate-fed cattle contained greater amounts of several glycolytic enzymes, β-enolase 3, fructose-1,6-bisphosphate aldolase A, and triosephosphate isomerase, than semitendinosus muscle from grazed cattle. A significant increase of myoglobin, which is necessary for oxygen transport in muscle, was found in the grazing group. Results of several studies show that myoglobin contents in slowtwitch muscle are greater than in fast-twitch muscle (Kim et al., 2004; Okumura et al., 2005) ; the slowtwitch muscle takes the supply of energy by the tricarboxylic acid cycle and oxidative phosphorylation, which is an aerobic metabolism. The AK1 catalyzes a principal step in adenine nucleotide metabolism and highenergy phosphoryl transfer in the cellular bioenergetics network in muscle (Zeleznikar et al., 1990) . For these reasons, the spot intensity of that enzyme is inferred to be greater in the grazing group. Furthermore, expression of malate dehydrogenase 1 showed a tendency to be greater in the grazing group, along with strong expression of aconitase in that group. These results suggest that enzymes of aerobic metabolism, such as those included in the tricarboxylic acid cycle pathway, had increased in the grazing group, whereas enzymes of anaerobic metabolism, such as those included in the glycolytic pathway, increase in the concentrate group. Regarding the metabolic enzyme of slow-twitch fiber and fast-twitch fiber, it has been reported that the former has greater activities of aerobic metabolism enzymes such as malate dehydrogenase and succinate dehydrogenase; then the latter has greater enzymatic activities of glycolytic enzymes including pyruvate kinase and lactate dehydrogenase (Takekura and Yoshida, 1987) . A change in the metabolic enzyme and myoglobin in this sarcoplasmic fraction support that conversion to slow-twitch from fast-twitch muscle tissues occurred in the myofibrillar fraction in the semitendinosus muscle of the grazing group.
The chaperone protein HSP27 is involved in stabilization of myofibrillar protein. Its phosphorylated protein plays an important role in muscle mass regulation (Sugiyama et al., 2000; Kawano et al., 2007) . Actually, HSP27 protects actin filaments and other cytoskeletal proteins from fragmentation caused by stressful conditions (Pivovarova et al., 2005) . Expression of HSP27 is greater in white, fast-twitch muscle than in red, slowtwitch muscle (Kim et al., 2004) . This corresponds to our results of the concentrate group. Although further study would be necessary to conclude, we suppose that Comparison of the myosin heavy chain (MHC) isoform using Western blot analysis. Slow type (A) and fast type (B) of MHC were detected in semitendinosus muscle of the concentration-fed (Conc.) and the grazed (Grazing) cattle. Data represent means ± SEM for 4 animals performed in at least duplicate and normalized with an internal standard in this study. *An asterisk signifies that the means differ significantly between Conc. and Grazing (P < 0.05).
this protein might serve some role for growth of skeletal muscle when cattle are exercise restricted by being housed in a stall barn.
This study revealed muscle fiber type conversion to slow-twitch from fast-twitch with change in the energy metabolic enzyme when cattle were grazed in the latter fattening period. To date, several reports have described the character of slow-twitch fibers. Shimada et al. (2004) reported that l-carnitine content was greater in slow-twitch tissues than in fast-twitch tissues in chicken muscle. Reportedly, contents of glutamine, aspartic acid, and taurine are greater in porcine slowtwitch muscle (Cornet and Bousset, 1999) . Results of a previous study showed that tenderness was correlated with the percentage of red fibers in cattle (Ockerman et al., 1984) . Recent reports have described the correlation between myoglobin contents of muscle and livery flavor of meat, although these correlations were not high (Yancey et al., 2006) . These reports suggest that different isoforms of myofibrillar protein affect elements of nutrition, flavor, and food texture. Although analyses of the influence on their elements were not done in this study, the results described herein suggest that grazing of cattle might modify several elements of meat because of conversion to slow twitch of the myofibrillar protein as a result of grazing. Cornet, M., and J. Bousset. 1999 Comparison of the troponin T (TnT) isoform using Western blot analysis. Slow type (A) and fast type (B) of TnT were detected in the semitendinosus muscle of the concentration-fed (Conc.) and the grazed (Grazing) cattle. Data represent means ± SEM for 4 animals performed in at least duplicate and normalized with an internal standard in this study. *An asterisk signifies that the means differ significantly between Conc. and Grazing (P < 0.05).
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Figure 6.
Comparison of the troponin I (TnI) isoform using Western blot analysis. Slow type (A) and fast type (B) of TnI were detected in the semitendinosus muscle of the concentration-fed (Conc.) and the grazed (Grazing) cattle. Data represent means ± SEM for 4 animals performed at least in duplicate and normalized with an internal standard in this study. *An asterisk signifies that the means differ significantly between Conc. and Grazing (P < 0.05).
